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We present an ab initio study of the structural and electronic properties of the recently synthesized
I8@Si-46 clathrate which is shown to be a degenerate p-type doped system. The intercalation signifi-
cantly opens the band gap to a 1.75 eV value within the density functional theory. We study further the
intercalation by other neighboring elements. A quasiparticle study reveals that such systems can display
a band gap in the “green-light” energy range. Finally, we show that the bulk modulus can be increased
to values equivalent to the one of the diamond phase.
DOI: 10.1103/PhysRevLett.87.206405 PACS numbers: 71.20.Tx, 62.20.–x, 81.05.Zx, 82.75.–zThe increasing integration of electronic devices puts a
strong emphasis on trying to design semiconducting com-
pounds which are compatible with the silicon-based tech-
nology available today. In particular, materials displaying
a large band gap in the optical range, for use in optoelec-
tronic devices, certainly do exist but they are not based
on silicon, putting strong constraints on an all-integrated
fabrication technology. Several routes have been recently
proposed [1,2], but it is difficult at this stage to conclude
on their effective applicability.
A promising silicon phase has recently attracted much
attention for its specific structural and electronic proper-
ties. Silicon clathrates [3] are cagelike materials com-
posed of face-sharing Si20, Si24, and Si28 clusters. The
discovery of the up to 8 K superconductivity of doped
clathrates [4], the prediction [5–10] confirmed by experi-
ment [11] that the band gap of Si clathrates is 0.7 eV
larger than the one of Si diamond, the low compressibil-
ity of such phases [12], and the high thermoelectric power
of doped clathrates [13] have generated much work at the
experimental and theoretical level.
Intercalation, or doping, of clathrates can be achieved
by filling up the cages by individual atoms (Fig. 1). So
far, much attention has been paid to Ba- and Na-doped
clathrates [6–8,10]. More recently, the synthesis of io-
dine doped Si-46 clathrates [14] has been achieved, and
its structural properties under pressure have been explored
[15]. This is the first Si clathrate doped with an element
more electronegative than the host network.
In this Letter, we present first-principles calculations
of the structural and electronic properties of I8@Si-46
clathrates. Contrary to Ba- and Na-doped clathrates [6,7],
we show that strong hybridizations between the iodine and
Si network orbitals result in a large opening of the band
gap. This is shown to stem from a preferential coupling
with the bottom of the conduction bands due to symmetry
arguments. Identical results are obtained for Xe8@Si-46
for which we perform an accurate quasiparticle calcu-405-1 0031-90070187(20)206405(4)$15.00lation predicting a 2.25 eV visible-light band gap, thus
opening new perspectives for all integrated silicon-based
technologies. We show further that it is also possible to in-
crease the bulk modulus of clathrates to values equivalent
to the one of the Si-2 phase by a proper choice of the inter-
calated atom.
Our calculations are mainly performed within the lo-
cal density approximation (LDA) to the density functional
theory (DFT) [16] besides a quasiparticle calculation of
the band structure of Xe8@Si-46. A pseudopotential ap-
proach is used [17] with a plane-wave expansion of the
wave functions. Scalar relativistic effects are included at
the pseudopotential level and core correction is used [18].
A 16 Ry cutoff is imposed except for the calculations of
the cohesive energy at the equilibrium volume for which it
is increased up to 20 Ry. The Brillouin zone is sampled by
FIG. 1. Symbolic ball-and-stick representation of I8@Si-46
clathrates. The nonequivalent Si atoms, distances, and angles
are labeled differently.© 2001 The American Physical Society 206405-1
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(eV), and lattice parameter a0(Å) for M8@Si-46 clathrates.
A negative binding energy means that the M element is not
binding inside the cages. The bulk modulus of Si-2 is calculated
to be 97 GPa.
M element Si-46 Sn Te I Xe
B0 theo 87 97 95 91 85
Ebonding · · · 3.3 3.1 1.7 20.6
a0 10.05 10.04 10.06 10.13 10.23
a 2 3 2 3 2 grid [19]. For the calculation of the density
of states, the sampling is refined to a 8 3 8 3 8 grid. The
use of such increased cutoffs allows one to check for the
good convergency of our calculations.
We first study the I8@Si-46 compound which crystal-
lizes in the type I clathrate structure made of Si20 and Si24
clusters. Each cage is filled by one iodine atom (Fig. 1). A
structural relaxation was performed at several unit cell vol-
umes and the calculated points were fit by a Murnagham
equation of states. The equilibrium lattice parameter of
I8@Si-46 is found to be 10.13 Å, which is 0.8% larger
than the one of Si-46. The cohesive energy of iodine inside
the clathrate network, taking as a reference the energy of
the undoped Si-46 clathrate and the isolated iodine atom,
is calculated to be 1.7 eVatom (see Table I). Further, tak-
ing for the iodine atom reference energy its energy in the
I2 molecule, we find that iodine prefers to sit inside the
clathrate cages by 0.65 eVatom.
We plot in Fig. 2 the LDA band structure of I8@Si-46
along high-symmetry directions of the Brillouin zone. Be-
cause of the electronegativity of iodine, the Fermi level
EF is located 0.26 eV below the energy gap. I8@Si-46 is
therefore a p-type doped semiconductor. The compari-
son of the I8@Si-46 and Si-46 band structures clearly
shows that the “rigid-band model,” consisting of a shift
under doping of the Fermi level without modification of
the host network band structure, is not appropriate for
the present system, in great contrast with the case of
BaxNa82x@Si-46 compounds. In particular, we find that-1
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FIG. 2. DFT-LDA band structure of (left) Si-46, (center) Xe8@Si-46, and (right) I8@Si-46 along high-symmetry directions of the
Brillouin zone. Energies are in eV. The zero of energy has been set to the top of the valence bands for Si-46 and Xe8@Si-46 and
to the Fermi level for I8@Si-46. The dots indicate the all-electron calculation values (see Ref. [18]). The arrows indicate the nature
of the gap.206405-2the band gap is increased from 1.2 to 1.75 eV under dop-
ing (DFT value).
The case of Xe8@Si-46, which displays a 1.65 eV band
gap, reveals that ionic effects are not at the origin of such
a band gap opening. From the comparison of the band
structure of Si-46 and Xe8@Si-46 (Fig. 2), we find that
the top of the valence bands is only slightly modified upon
introduction of the Xe atoms, while the bottom of the con-
duction bands changes dramatically as in I8@Si-46. This
indicates that the coupling between the Xe (or I) orbitals
take place mainly with the bottom of the conduction bands,
thus opening the band gap by repulsion. The analysis of
the symmetry character of the Si-46 states at G (Oh group)
shows that the top of the valence and bottom of the con-
duction bands belong, respectively, to the A1u and T1u rep-
resentations. The set of representations into which the Xe
or I orbitals split in the Oh crystal field includes T1u but
not A1u so that indeed only the bottom of the conduction
bands can couple to the intercalated atom orbitals.
There exists, of course, states below the top of the va-
lence band which can interact with the Xe orbitals. In par-
ticular, the two closest bands (of Eu and T2g character at
G) are pushed up in energy but the repulsion is not large
enough for them to enter the band gap (see Fig. 2). It is in-
teresting to note as well that similar effects can be observed
in the case of Xe and I doped Si20H20 and Si24H24 clusters
for which, as in the crystal, we find that the band gap opens
by repulsion with the lowest unoccupied orbitals while
symmetry forbids the coupling with the highest occupied
states located within 1 eV of the bottom of the band gap.
Further information can be obtained from the electronic
density of states (eDOS) projected onto the atomic orbitals.
We use the SIESTA package which is a self-consistent
DFT-LDA pseudopotential code based on atomiclike
numerical orbitals [20]. In the case of Xe8@Si-46, there is
hardly any Xe weight at the top of the valence bands and
the Xe-5p states lie in the middle of the valence bands. In
the case of I8@Si-46 (Fig. 3), charge transfer brings the
highest occupied I states to the Fermi level. The similarity
between the band structures of Xe8@Si-46 and I8@Si-46206405-2
VOLUME 87, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 12 NOVEMBER 2001FIG. 3. Plot of the electronic density of states (eDOS) for
I8@Si-46 and Sn8@Si-46. The thin and thick lines correspond,
respectively, to the total eDOS and to the eDOS projected on the
dopant atom orbitals. The dotted lines are the Si-3p projected
eDOS. The horizontal bracketed sections of line indicate the
“band gap” (in the case of Sn8@Si-46, it just refers to the ob-
served depletion in Si weight). For sake of comparison, the low-
energy bound of these band gaps have been aligned in the upper
and lower eDOS. A 0.1 eV broadening has been used.
at the bottom of the conduction bands indicates that be-
sides this charge transfer effect, hybridizations are similar
in both compounds. The integrated eDOS shows that there
are exactly four states between EF and the bottom of the
gap, corresponding to the eight electrons missing in the
unit cell on the I-5p shells. The I-5s orbitals are found to
lie at much lower energy. The splitting of these orbitals
(peaks A and B) reveals that as expected the iodine atoms
in the smallest Si20 cages interact more strongly with the
silicon orbitals.
The DFT-LDA approach is well-known to underesti-
mate the band gap of semiconducting systems. In particu-
lar, the DFT-LDA band gap of Si-2 and Si-34 are too small
by 0.7 eV as compared to experiment. We have there-
fore performed for Xe8@Si-46 a quasiparticle calculation
within the GW approximation. Such an approach is known
to yield electronic excitation energies within a 0.1 eV ac-
curacy as compared to experimental results for this type of
system [21]. The quasiparticle correction was calculated
at G, M, and X. The results are quoted in Table II showing
that the DFT band gap is opened by 0.6 eV by the GW
correction, yielding a 2.25 eV band gap, that is, a silicon
based “green light” semiconductor system. Such a result
confirms the DFT prediction that doped clathrates may be
potentially important in the making of silicon-based opto-
electronic devices.
We finally complete our study of M8@Si-46 doped
clathrates by studying the evolution of the structural and
electronic properties going from M  I to M  Sn. The
reduction of the electronegativity of the elements going206405-3TABLE II. Calculated LDA and GW top of the valence bands
(index y) and bottom of the conduction bands (index c) at the
G, X , and M points. The zero of energy is taken to be the
highest occupied state at X (located 15 meV below the top of
the valence bands within LDA).
Gy Gc Xy Xc My Mc
LDA 20.12 2.25 0.00 2.27 20.14 1.66
GW 20.13 2.87 0.00 2.90 20.15 2.26
to the left of the periodic table suggests that the bonding
between intercalated and silicon atoms should become
less ionic and more covalent. The most striking trends
are the reduction of the volume cell size to values lower
than the one of Si-46 and the strong increase of the bulk
modulus B0. We emphasize, in particular, that while
the atomic radius increases from Xe to Sn, the volume
of the corresponding intercalated clathrate decreases.
While the bulk modulus of Xe8@Si-46 collapses to
85 GPa (that is, 2.3% lower than the empty phase), the
bulk modulus of I8@Si-46 is found to be already 4.6%
larger. Further, intercalating by elements less electronega-
tive than iodine increases significantly B0 up to 97 GPa in
the case of Sn, that is, a value which within the error bar
[22] is equivalent to the B0 of the Si-2 diamond phase.
This can be related to a more covalent character of the
bonds between the intercalated atom and the Si network.
It is surprising that materials with stretched Si-Si bonds
and which are metallic may exhibit a bulk modulus equiva-
lent to the one of the diamond phase (see Ref. [23]). In
particular, as shown in Fig. 3, Sn8@Si-46 is a true metal
with a large eDOS at the Fermi level. To rationalize these
results, we note that the interaction between Si and the
intercalated atoms means that its effective coordination is
larger than four. As such, doped clathrates can be regarded
as highly coordinated phases of Si (meta)stable at ambient
pressure, providing an explanation for the decrease of the
compressibility.
In conclusion, we have studied the structural and elec-
tronic properties of M8@Si-46 doped clathrates, where
M  I and other neighboring elements of the periodic
table. We have shown on the basis of quasiparticle GW
calculations that the band gap of such compounds can be as
large as 2.25 eV, thus providing much perspective in the
use of such phases in optoelectronic applications. We have
evidenced further that under intercalation the bulk modu-
lus can be increased significantly to values equivalent to
the one of the diamond Si-2 phase. This result offers a
new path towards the synthesis of ultrahard materials and
invites one to study carbon-based clathrates.
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Note added.—Similar band gap modifications under
doping have been recently predicted theoretically for
free clusters. See, Hiura, Miyazaki, and Kanayama [24];
Kumar and Kawazoe [25].
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